Caries progression seems to follow universal, predictable rates, depending largely on the caries severity in populations: the higher the caries severity, the higher the progression rates. Quantification of these rates would allow prediction of future caries increments. Our aim was to describe caries progression rates in the primary and permanent dentition in Western populations (not in lesions) of children and adolescents. Therefore, we systematically searched MEDLINE-PubMed, Embase, CINAHL, and the Cochrane library for studies reporting caries progression data. Eligibility criteria were reporting empirical data from at least 2 full-mouth dental caries examinations in a closed cohort during a follow-up of at least 3 y, a first examination after 1974, a second examination before the age of 22 y, caries assessed as dentine caries (d 3 /D 3 ), and caries reported in dmfs/DMFS (decayed, missing, and filled surfaces), dmft/DMFT (decayed, missing, and filled teeth), or caries-free participants. Following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement, we described the results for the primary and permanent dentition in a systematic review, performed a metaanalysis for the caries incidence rate in the permanent dentition, and conducted multivariate, hierarchical meta-regression analyses for the caries incidence rate and the increments in DMFS and DMFT. Of the 6,343 unique studies retrieved, 43 studies (56,376 participants) were included for systematic review and 32 for meta-analyses (39,429 participants). The annual decline in caries-free children in the permanent dentition ranged from 0.8% to 10.2%. The annual increment ranged from 0.07 to 1.77 in DMFS and from 0.06 to 0.73 in DMFT. The pooled caries incidence rate was 0.11 (0.09-0.13) per person-year at risk. Meta-regression analyses showed that the methods of individual studies influenced pooled caries incidence rates and increments in DMFS and DMFT. This should be taken into account in planning and evaluation of oral health care services. However, the caries incidence rate is promising for prediction of future caries increments in populations.
Introduction
Dental caries is one of the most prevalent chronic diseases in the world, affecting 60% to 90% of schoolchildren (World Health Organization 2012) . There are disparities in caries onset and caries progression rates between and within populations. This is due to differences in behavioral and sociodemographic conditions that interact with the etiology of dental caries (Fejerskov 2004) .
Nevertheless, progression of dental caries seemed to follow predictable rates that depended largely on the caries severity in a population; the higher the caries severity, the higher the progression rates (Broadbent et al. 2013 ). Other studies also described fixed patterns of caries progression and suggested that these were universal, for both the permanent and the primary dentition (Massler et al. 1954; Sheiham and Sabbah 2010) .
If these patterns are indeed universal, it would be possible to predict future caries increments in a population. This would have several advantages. As well as improving the planning of oral health services and targeted use of preventive care (Sheiham and Sabbah 2010) , it would also indicate which improvements in oral health are achievable. While many studies have described the incidence, prevalence, and progression of caries, we do not know of systematic reviews or metaanalyses reporting on caries progression from pooled findings of longitudinal studies. In this research, we first systematically review studies reporting on follow-up in Western (or comparable) populations of children and adolescents for annual progression of caries in the primary and permanent dentition. Second, using meta-analyses, we provide an estimate for the caries incidence rate in the permanent dentition. Third, using meta-regression methods we assess the impact of study methods to explore the possible bias in reported caries progression rates.
Methods
We defined progression rate as the mean caries increment in a population (not in a caries lesion) during a certain time period. From there, we defined caries progression in a population as 1) the annual decline in the percentage of caries-free children and adolescents; 2) the annual increment in decayed, missing, and filled surfaces (dmfs/DMFS); and 3) the annual increment in decayed, missing, and filled teeth (dmft/DMFT). We defined the latter as caries incidence rate. This is the number of participants acquiring a first dentine lesion divided by the total time that all participants were caries free during followup of a population of caries-free persons (the so-called population at risk).
Our scope was limited to dentine lesions (d
) in children and adolescents up to age 21 y. We chose dentine lesions, as this is the stage at which restorative interventions are generally indicated Hall-Scullin et al. 2017) , and the DMF index, as this has been the leading index in research for decades (Larmas 2010; Ekbäck et al. 2016) . Since patterns are longitudinal, we searched for cohort studies with at least 2 examinations in the primary or permanent dentition of the same participants. It takes a relatively long period for enamel lesions to develop into dentine lesions (Mejàre et al. 2004) . To observe caries progression, the minimum follow-up period was set at 3 y (Ekbäck et al. 2016) . The study methods and reporting were based on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (Moher et al. 2009 ); the PRISMA checklist is provided in Appendix Table 14 .
Search Strategy
We systematically searched MEDLINE-PubMed, Embase, CINAHL, and the Cochrane library (on April 16, 2018) for publications describing the longitudinal development of caries in cohorts of children and adolescents. Search terms were "child*" and "adolescen*." Search terms on dental caries and follow-up included the MeSH terms "tooth demineralization," "DMF index," "disease progression," "incidence," and "cohort studies." The full search strategy for MEDLINE-PubMed is described in Table 1 .
The search results were imported in EndNote (X8, Clarivate Analytics), and duplications were removed using the Bramer method (Bramer 2014) . Caries progression has declined since the introduction of fluoridated toothpastes. As the use of fluoridated toothpastes became common practice from the mid1970s (ten Cate 2013) and we opted for a follow-up period of at least 3 y, we excluded studies published before 1978 (1975 + 3 years) . Subsequently, we imported the remaining references in the online systematic review software from Covidence (Veritas Health Innovation) for title and abstract screening.
Eligibility Criteria
We had 9 inclusion criteria: a closed cohort and results reported for complete cases; a follow-up of at least 3 y; at least 2 examinations of dental caries; first examination after 1974; a second caries examination before the age of 22 y; caries assessed as dentine caries (d   3   /D   3 ); caries reported in decayed, missing, and filled surfaces or teeth (dmfs or dmft for the primary dentition; DMFS or DMFT for the permanent dentition) or in number or percentage of caries-free participants; the results presented full-mouth examinations; and the publication was written in English, Dutch, or German. Prospective, retrospective, cohort, and intervention studies were all supposed eligible, but crosssectional and case-control studies were not. Studies were also excluded if no abstracts or full texts were available and if the results of a cohort concerned participants in an age range of more than 3 y.
Study Selection
Two researchers (R.H. and N.A.E.A.) independently screened titles and abstracts to verify whether the eligibility criteria for full-text reading were met. If the eligibility was unclear, the full text was read.
Full texts were reviewed independently for confirmation of eligibility (by R.H. and N.A.E.A.) . Studies were excluded if they did not make a distinction between dentine and enamel caries. If a study did not describe whether they included only dentine caries, we looked into the full text of the reference of the diagnostic criteria for a description. We assumed that studies using the World Health Organization criteria included dentine caries. We excluded studies that reported results as a graph, had unclear groups, or had deviant counts of missing surfaces. Reviews and systematic reviews were evaluated for their relevance and were used to identify additional studies that had not yet been found in our search. All disagreements on inclusion of studies were discussed and resolved by mutual agreement. Hence, results are based on full agreement.
Quality Assessment of Study Methods
The quality of study methods for the included publications was assessed independently by the same 2 investigators using the scoring form shown in Appendix Table 1 . This form consisted of items on the relevance of evidence and risk of bias. An item only could have been met if it had been described in the study. The items to assess the relevance of evidence were chosen to reflect the current situation in Western countries. There were 4 items regarding the relevance of evidence: 1) the results applied to a cohort of children or adolescents spanning an age range of no more than 2 y (to ensure less spreading in the variable "age at baseline"; children in 1 school grade were regarded as covering a 2-y age range), 2) the cohort had used fluoridated toothpaste and/or their drinking water had been sufficiently fluoridated (>1.0 ppm) for the entire study period, 3) the cohort had had regular access to oral health care services (whether preventive, restorative, or both) throughout the study period, and 4) the study had been conducted in Western Europe, North America, Australia, or New Zealand. If none or 1 of the above items were met, the relevance of evidence was low; if 2 were met, it was moderate; and if 3 or 4 were met, it was high.
Three dichotomous (yes/no) items were used to assess the risk of bias: 1) the number of dropouts, 2) the reasons for dropping out, and 3) the investigator had been blinded to the clinical history of the participants and/or blinded to the group allocation in case of interventions. The risk of bias was considered high if none of the items were met, moderate if 1 or 2 items were met, and low if all 3 items were met. Studies with insufficient quality (i.e., a low relevance of evidence and/or a high risk of bias) were excluded. Disagreements on the quality of study methods were discussed until a consensus was reached.
Data Collection
A data extraction form was developed that comprised the following 9 variables: number of years of follow-up; use of bitewing radiographs (no or not described/yes); age at baseline (age at the start of the study); year in which the study started; collective preventive intervention (no/yes); risk of bias (low/ moderate); relevance of evidence (high/moderate); dmfs, dmft, DMFS, and DMFT scores with standard deviations at baseline and follow-up; and the percentage of caries-free participants at baseline and follow-up. Preventive interventions that might have influenced caries progression were recorded if they had been collectively provided to all or part of the study population and were considered as additional to care as usual in general dental practices. One investigator (RH) extracted the data from the included studies. The data were checked by the other investigator (NAEA) and initial disagreements were resolved by consensus discussion. If different publications reported data on the same cohort, we extracted the data from the publication with the highest quality.
Data Processing
The year in which the study started, together with the number of years of follow-up, was used to classify the decade in which the study had been performed (1970s, 1980s, 1990s, 2000s, or 2010s) . We took the decade that covered the largest part of the study period. For example, a study that started in 1996 and lasted 4 y was classified as having been conducted in the 1990s. If the year of the start of the study was not provided, we guessed the decade based on the year of publication and the number of years of follow-up.
Some publications presented only results for subgroups. These results were clustered by calculating weighted means. For the DMF indices, the standard deviations (SDs) were also pooled.
As we expected higher caries progression rates in populations with higher caries severity at the start of the study (baseline), we determined categories for baseline caries experience (low, moderate, high) in the permanent dentition. The classification of the studies was based on the mean DMFS and/or DMFT of their participants at baseline. We assumed that the DMFS and DMFT were 0 at age 5 y with a linear increment until adulthood. At age 12 y, caries experience was considered low with a DMFS <1.5 or a DMFT <1, moderate with a DMFS between 1.5 and 3.5 or a DMFT between 1 and 2.3, and high with a DMFS >3.5 or DMFT >2.3 (based on Broadbent et al. 2013) . Drawing lines from the 0 at age 5 y through the limit values at age 12 y enabled us to plot the included studies for the determination of the baseline caries experience. These indices were also used to assess the baseline caries experience for studies reporting on caries-free survival as Sheiham and Sabbah (2010) described a predictable relationship between mean DMFS/DMFT and caries prevalence in a population. We checked this, and our data confirmed this relationship; the higher the baseline DMFS or DMFT, the lower the percentage of caries-free participants.
The decline in caries-free participants and increment in DMFS/DMFT was based only on the first and last measurements. We therefore ignored any reported intermediate measurements and assumed a relatively linear progression. This was checked and confirmed by plotting the data from included studies with repeated measures. The declines/increments were calculated by subtracting the results at baseline from the results at follow-up. If the SDs of the increments were not reported, the SDs were pooled from the SDs at baseline and follow-up. For the meta-analysis and meta-regression analyses, the SDs were recalculated into standard errors.
Caries incidence rate is the number of caries-free participants who developed dental caries (events) during follow-up, divided by the "healthy time" (at risk) for all participants together in that study (Ekbäck et al. 2016 ). Events were defined as persons getting a first cavity (caries lesion D 3 ). The number of events was calculated by subtracting the number of cariesfree participants at follow-up from those at baseline. We used the constant hazard assumption to derive the total person-years at risk. For participants without caries at the end of follow-up, their person-years at risk is the sum of their individual years of follow-up. For participants with caries during follow-up (events), their person-years at risk is half of the sum of their individual years of follow-up. We summed both to calculate the total person-time of follow-up of the population. We then calculated the caries incidence rate by dividing the total number of events by the total person-time of follow-up (time at risk) of the population.
Meta-Analysis and Meta-Regression Analyses
These analyses were carried out for the permanent dentition. In the analyses of the caries incidence rate, we included only studies that reported caries-free survival as well as the mean DMFS or DMFT, as these indices were needed to determine baseline caries experiences (see data processing). In the analyses of increments in DMFS and DMFT, only studies that reported measures for data distribution were included.
The meta-analysis of the caries incidence rate was performed with the package "metamean" from R software (3.3; Development Core Team). We used a random-effects model weighted by total person-years. A forest plot was made to show the estimated effect across studies. Then we performed multivariate, hierarchical, linear meta-regression analyses using the R package "metaphor." The random-effects model assumption was used to explore the impact of covariates on the pooled caries incidence rate and DMFS and DMFT increments. First, all covariates, notably study design features, were categorized into 4 hierarchical groups based on an a priori expectation of effect on the estimates. Group 1 consisted of the use of bitewing radiographs and age at baseline, group 2 of caries experience at baseline, group 3 of decade and preventive intervention, and group 4 of risk of bias and relevance of evidence. Next, the meta-regressions were conducted starting with crude analyses on follow-up years. Subsequently, we added group by group to the analyses.
Results

Study Selection
We identified 12,580 records through database searching. Seventy-seven publications met our inclusion criteria and were assessed for quality. Nine studies were judged to be of high quality (relevance of evidence high and risk of bias low), 6 studies were of moderate quality (relevance of evidence and risk of bias both moderate), 5 had moderate relevance of evidence and a low risk of bias, and 27 studies had high relevance of evidence and moderate risk of bias. The quality of 30 studies was insufficient, as they had either low relevance of evidence or a high risk of bias. These studies were excluded. Appendix Table 2 provides a list of these studies.
Eventually, 47 publications were found to be eligible for inclusion in this systematic review. However, as 4 of them presented the same cohorts as other included studies (Appendix Table 3 ), we ultimately included 43 studies in the descriptive analyses in this systematic review together, including 56,376 participants. Of these 43 studies, 32 (including 39,429 participants) reported for the permanent dentition on caries-free survival data and DMFT data, DMFS data, or both in a manner to allow for their inclusion in the meta-analysis and meta-regression analyses. Figure 1 shows the flow diagram of the search and selection process.
Primary Dentition
The percentage of caries-free children increased in some studies. These studies were excluded as they provided cross-sectional results for the prevalence of dental caries in the primary dentition. Six studies remained that described the percentage of caries-free children (d 3 ) in the primary dentition. The annual decline in percentage of caries-free children ranged from 3.8% to 12.2%. Seven studies reporting on dmfs and 4 studies reporting on dmft were included. The annual increments ranged from −1.0 to 1.0 in dmfs and from −0.3 to 0.3 in dmft (Table 2) . These inconsistent increments were caused by exfoliation of teeth. Study characteristics and results per study are provided in Appendix Tables 4 to 6.
Permanent Dentition
Eighteen studies described the decline in caries-free participants for the permanent dentition. The annual decline ranged from 0.8% to 10.2%. This decline was lower in populations with higher caries experiences at baseline. Twenty-six studies reporting on DMFS and 14 studies reporting on DMFT were included. The annual increments ranged from 0.07 to 1.77 in DMFS and from 0.06 to 0.73 in DMFT (Table 2 ). These increments were higher in populations with higher caries experiences at baseline. Study characteristics and results per study are provided in Appendix Tables 7 to 9.
Meta-Analysis and Meta-Regression Analyses
For the primary dentition, we did not perform meta-regression analyses. The reported dmfs/dmft in the included studies were not comparable due to the nonstandardized approaches of exfoliated teeth.
For the permanent dentition, 15 studies were included in the meta-analysis and meta-regression analysis of survival data and 22 and 13 studies in the meta-regression analyses of the increments in DMFS and DMFT, respectively.
In the meta-analysis, we found a caries incidence rate of 0.11 (0.09-0.13) per person-year at risk (Fig. 2) . In the subsequent meta-regression analyses, we explored the uncertainties around this incidence rate (Table 3 ). The caries incidence rate was constant over time as the unadjusted regression coefficient for follow-up was 0. Adjusting for the covariates did not affect the estimate. Only in the last step, when risk of bias and relevance of evidence were added, the estimate changed to −0.02. So, the pooled caries incidence rate of 0.11 is probably an overestimation.
The unadjusted increment in DMFS per year of follow-up was 0.43 (Table 4) . Adjusting for the various groups indicated that the estimate of the annual increment in DMFS ranged from 0.36 to 0.64 and was affected by covariates. The unadjusted increment in DMFT per year of follow-up was 0.18 (Table 4) . After adjusting for groups 1 and 2, adding group 3 (decade and preventive intervention) showed a large decrease of the estimate to 0.07. Adding group 4 (relevance of evidence and risk of bias) led to a remarkable, negative increment of −0.04. The estimate of the annual increment in DMFT was highly influenced by covariates.
Appendix Tables 10 to 12 provide the full output of the meta-regression analyses, and Appendix Table 13 gives a description of the covariates used in these analyses.
Discussion
This study revealed that the caries incidence rate of the permanent dentition is a promising caries progression rate in populations of children and adolescents as its use is rather new and it seems fairly stable. Ekbäck et al. (2016) described that the caries incidence rate is rarely used in oral health studies but well known in medical epidemiology. Hence, they suggested to report caries progression in longitudinal studies in incidence rates. We found a pooled caries incidence rate of 0.11 (0.09−0.13) per person-year at risk (Fig. 2) . The uncertainties around our estimate were small, although it was somewhat influenced by the risk of bias and relevance of evidence of the included studies. The meaning of this caries incidence rate is that per year, 11 persons will develop dentine caries for the first time (newly diseased) per 100 persons who were caries free at the beginning of that year.
We were also able to pool the increments in DMFS and DMFT. The meaning of the results found in these analyses was inconclusive; the uncertainties around the estimates were increased by the diversity of the study methods of the studies involved. Nevertheless, the linear increments we found are consistent with the findings of Broadbent et al. (2013) , as were our findings that higher baseline caries experiences precede higher progression rates. d Ruiken et al. 1986; Karjalainen et al. 1994; David et al. 2006, Foster Page and Thomson 2012. e Kruger et al. 1998 . f Margolis et al. 1994; Holt 1995; Petersen et al. 2004; van Rijkom et al. 2004; Sánchez-Pérez et al. 2010; Vermaire et al. 2014; Tickle et al. 2017 . g Virtanen 2001 Petersen et al. 2004; van Rijkom et al. 2004; Truin and van 't Hof 2005; Tai et al. 2009; Sánchez-Pérez et al. 2010; Lenkkeri et al. 2012; Vermaire et al. 2014. h Ruiken et al. 1986; Isogangas et al. 1993; Sköld et al. 1994; Heidmann and Poulsen 1997; Morgan et al. 1998; Alanen et al. 2000; Sköld et al. 2001; Bruno-Ambrosius et al. 2005; Källestål 2005; David et al. 2006; Heyduck et al. 2006; Holmén et al. 2013 . i Hanachowicz 1984 Poulsen 1987; Kruger et al. 1998; Forgie et al. 2000; Schmoeckel et al. 2015 . j Holt 1995 Karjalainen et al. 2001; Sánchez-Pérez et al. 2010; Heinemann et al. 2017 . k Virtanen 2001 Tai et al. 2009; Sánchez-Pérez et al. 2010; Masood et al. 2012; Peres et al. 2016; Heinemann et al. 2017; Li et al. 2017. l Karjalainen et al. 1994; Zimmer et al. 1999; Bruno-Ambrosius et al. 2005; David et al. 2006; Heyduck et al. 2006; Julihn et al. 2009. m Swedberg, Fredén, Norén, and Johnsson 1997. Some aspects of this review warrant further attention. First, there were wide variations in study methods. For future research, adequate study designs and standardized methods of data collection are desirable. Harmonization of study designs can contribute to reduction of the uncertainties that the meta-regression analyses demonstrated. The inclusion of both intervention and observational studies might cause some confusion. Our aim was to find data on caries progression in studies with follow-up for cohorts with or without a collective, uniform preventive intervention. We corrected for such interventions in the meta-regression analyses if they had been provided to all or part of the study population (regardless of individual indications) and were considered additional to care as usual. Yet, we found that this did not explain the variation in outcomes. This might be due to the fact that the cohort participants could also have received preventive interventions as most of them had access to regular dental care.
Second, the filled component of the DMF index was probably influenced by lesion thresholds of dentists to intervene restoratively. These thresholds vary between countries and decades (Innes et al. 2017 ). Caries progression rates would have been higher in situations where it is common practice to "drill" in earlier stages of the caries process.
Third, the assessment of dental caries is complex and methods for assessment were varied, such as use of bitewing radiographs and drying of teeth. This would have resulted in differences in the diagnosis of dental caries. However, these differences were probably reduced as the included studies used the same methods for the baseline and follow-up measurements.
Fourth, meta-analyses were not possible for the primary dentition as a result of the limited number of included studies and the inconsistent results due to exfoliated teeth. A follow-up of 3 y might not have been necessary for the primary dentition, since caries lesions in primary teeth generally progress faster than in permanent teeth. To avoid the exfoliation problem in the primary dentition, it could be considered to follow up from ages 3 to 5 y. However, this precludes insights into caries progression in children ages 5 to 12 y. A solution is not to ignore past caries experience in exfoliated teeth in longitudinal studies. This can be achieved by calculating the total number of decayed, extracted, and ) in the permanent dentition and the 95% confidence interval (CI). The caries incidence rate (first caries events [D 3 ] per person-year at risk) could be recalculated for 15 studies. These reported on 1,995 caries events for a total of 10,768 participants with a total follow-up time of 22,292 person-years. The data were pooled using a random-effects model, because the reported caries incidence rates showed marked heterogeneity (I 2 of 100%). The studies were weighted by the number of total person-years. The weight of the studies ranged from 6.5% to 6.7%, and the median was 6.7%. Ruiken et al. 1986; Karjalainen et al. 1994; Kruger et al. 1998; Virtanen 2001; van Rijkom et al. 2004; David et al. 2006; Sánchez-Pérez et al. 2010; Lenkkeri et al. 2012; Masood et al. 2012; Vermaire et al. 2014; Peres et al. 2016; Heinemann et al. 2017; Li et al. 2017 filled primary surfaces or teeth ever observed in a participant at baseline and at follow-up (Ruff 2018) .
Finally, another source of bias may have been the inclusion of studies with only results of complete cases (i.e., the results at baseline and at follow-up were for the same participants). This might have caused a selective follow-up. Nonetheless, we needed complete cases to determine the number of events for the caries incidence rates.
Our findings for the permanent dentition provide indications for caries progression rates in populations. These rates could be used for planning, targeted use of preventive care, and evaluation of (preventive) oral health care services. They provide a starting point for further research. They could also be used by general dental practitioners for reflections on the caries progression rates in their patient populations. And last but not least, they emphasize the importance of preventing caries at early ages as progression rates for DMFS/DMFT were higher in populations with higher baseline caries experiences.
Conclusions
In this systematic review, we described caries progression rates in the primary and permanent dentition. Pooled caries progression rates were not achievable for the primary dentition due to the limited number of included studies and the nonstandardized approaches of exfoliated teeth. For the permanent dentition, our pooled findings on caries progression in populations were a caries incidence rate of 0.11 (0.09-0.13) per personyear at risk, an increment in DMFS of 0.43 per year of followup, and an increment in DMFT of 0.18 per year of follow-up. So far, the caries incidence rate measure rarely has been used in longitudinal oral health research but seemed fairly stable and therefore most promising. When using our progression rates for the prediction of caries increments, caution is justified because these measures were influenced by methods of the studies included. For better insight into caries progression rates in populations and usefulness for policy makers, more standardization of measuring and study methods in (epidemiological) research is essential.
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